Patterns of codon usage bias were studied in the moss model species Physcomitrella patens. A total of 92 nuclear, protein coding genes were employed, and estimated levels of gene expression were tested for association with two measures of codon usage bias and other variables hypothesized to be associated with gene expression. Codon bias was found to be positively associated both with estimated levels of gene expression and GC content in the coding parts of studied genes. However, GC content in noncoding parts, that is, introns and 5 0 and 3 0 untranslated regions (UTRs), was not associated with estimated levels of gene expression. It is argued that codon bias is not shaped by mutational bias, but rather by weak natural selection for translational efficiency in P. patens. The possible role of life history characteristics in shaping patterns of codon usage in this species is discussed. Heredity (2005) 94, 87-93.
Introduction
The extent and origin of codon usage bias is an important indicator of the forces shaping genome evolution in living organisms. Several studies of codon bias have revealed differences in how evolutionary forces act among and within genomes. Codon bias is generally thought to be the result of the balance between mutation and weak selection on synonymous codons (Li, 1987; Bulmer, 1991; Akashi and Eyre-Walker, 1998; Duret and Mouchiroud, 1999) . Differences in the codon bias between genes in the same organism is attributed to mutational bias and the variability in guanine þ cytosine (GC) content throughout the genome (Ikemura, 1985) , partly due to the dispersion of large isochores homogeneous for GC content (Bernardi et al, 1985) . In many organisms, codon usage in highly expressed genes is shown to be dependent on the relative proportions of isoaccepting tRNAs. Thus, the degree of codon bias for individual genes is associated with the level of translation in many unicellular (Ikemura, 1981 (Ikemura, , 1985 Gouy and Gautier, 1982; Andersson and Kurland, 1990; Sharp and Matassi, 1994; Kanaya et al, 1999) and multicellular organisms (Fennoy and Bailey-Serres, 1993; Akashi, 1994; Moriyama and Powell, 1997; Akashi and Eyre-Walker, 1998; Duret and Mouchiroud, 1999; Duret, 2000; Kanaya et al, 2001; Musto et al, 2001) . In contrast, mutation pressure has been shown to be the dominant factor shaping both codon usage bias and base composition in, for example, several mammalian genomes (Wolfe et al, 1989; Sharp et al, 1993; Francino and Ochman, 1999) . The lack of translational selection in mammals and some Drosophila species has been explained by their relatively small effective population sizes, meaning that genetic drift will dominate the evolutionary dynamics of mutations that only differ marginally in fitness (Shields et al, 1988; Sharp et al, 1995; Akashi, 1997; Jenkins and Holmes, 2003) . Also, other factors are associated with codon usage including gene length Duret and Mouchiroud, 1999; Coghlan and Wolfe, 2000) , recombination levels across genomes (Kliman and Hey, 1993; Hey and Kliman, 2002) , gene density (Hey and Kliman, 2002) and gene structure (Comeron and Kreitman, 2002) .
Even though genome-wide patterns of adaptive codon bias have been convincingly demonstrated in a wide range of phyla, relatively few higher plant and animal species have been studied. In plants, studies of selection on codon usage have been undertaken in Zea mays (Fennoy and Bailey-Serres, 1993) , Nicotiana tabacum and the liverwort Marchantia polymorpha (Morton, 1993 (Morton, , 1994 (Morton, , 1998 , and Arabidopsis thaliana (Duret and Mouchiroud, 1999) . Studies of more species are needed in order to determine how widespread adaptive codon usage is in plants.
Physcomitrella patens (Hedw.) Bruch & Schimp has been established as an important model species of primitive moss plants. Major progress has been made in recent years in analysing the molecular biology and physiology of this species (eg Markmann-Mulisch et al, 2002; Bezanilla et al, 2003) . A substantial breakthrough was achieved with the demonstration that homologous recombination occurs in its nuclear DNA at frequencies which are orders of magnitude greater than those known from higher plants (Schaefer and Zrÿ d, 1997) . This makes Physcomitrella the only land plant with an efficient system for reverse genetics (Strepp et al, 1998) , that is, introduction of precisely predetermined DNA sequence alterations into cultured organisms to study their phenotypic effects. The gene targeting efficiency in P.
patens can be compared with that observed in Saccharomyces cerevisiae, making P. patens the new 'green yeast' (Schaefer, 2001) . The gene target efficiency, together with several other aspects of the P. patens biology (eg small size, short life cycle, easy to cultivate, basal phylogenetic position and thus ideal for comparative studies), have led different research groups to advocate P. patens as the next plant to have its genome completely sequenced (Pryer et al, 2002; Rensing et al, 2002; Schaefer, 2002) . In August 2004, scientists from The United States, England, Japan and Germany were successful in receiving approval for sequencing the Physcomitrella genome.
The aim of the present study was to quantify patterns of codon usage in this important model plant. Associations between gene expression (estimated by mRNA transcript abundance), codon bias, GC content and gene length in a number of studied genes were tested using multiple regression analysis. The results indicate that levels of gene expression are associated with codon bias and GC content in P. patens. The association between codon bias and estimated gene expression seems not to be caused by mutational bias, but rather by natural selection for translational efficiency.
Materials and methods
P. patens sequences were downloaded from GenBank release 131.0 and EMBL release 72 by using the NCBI Entrez retrieval systems (http://www.ncbi.nlm.nih.gov/ Entrez/). Only nuclear genes, being fully annotated and protein coding were retrieved, excluding working drafts and expressed sequence tags (ESTs). Similar sequences were removed from the data set using the software Dambe version 4.1.15 (Xia and Xie, 2001 ). The final data set consisted of 92 P. patens sequences (the complete data set can be accessed at http://www.vaxtbio.uu.se/ resfold/stenoien/physcomitrella/).
Gene expression was estimated as the number of hits when comparing a sequence with publicly available ESTs for P. patens (see Duret and Mouchiroud, 1999; Marais and Duret, 2001; Hey and Kliman, 2002; Miyasaka, 2002) . All available cDNA libraries in release 101502 of the NCBI dbEST database (Boguski et al, 1993) were used, comprising 50 250 P. patens ESTs. Each sequence was compared with the available cDNA libraries using MegaBlast (Zhang et al, 2000) . Both strands were compared for each sequence, and segments within query sequences showing low compositional complexity were masked. Blastn alignments showing at least 95% identities were counted as sequence match when significance level was set to E ¼ 0.001.
Codon bias was estimated as the frequency of optimal codons (Fop, Ikemura, 1981) . Optimal codons are defined as triplets, which relative to their synonyms occur significantly more often in highly than in lowly expressed sequences. Multivariate correspondence analysis was performed to identify putative optimal codons, that is, codons occurring more often in highly than in lowly biased genes in P. patens. A w 2 test was performed in order to test whether codon usage differed among highly and lowly expressed genes. Here, two subsets of genes were drawn from the data set, a set of genes with low expression (ie nine genes only matching one EST) and a set of genes with high expression (ie six genes matching more than 50 ESTs), representing 4095 and 1759 codons, respectively. A w 2 contingency analysis was performed to compare codon usage frequencies between the two categories of genes. Codon usage bias was also estimated by the effective number of codons (ENC) summary statistics (Wright, 1990) . This measure does not require knowledge of optimal codons and is inversely proportional to the extent of nonuniform codon usage. Thus, ENC ranges from 20, indicating maximum codon bias, to 61, indicating equal usage of all synonymous codons. Multivariate analysis and codon bias estimations were carried out by using the CodonW software (http:// www.molbiol.ox.ac.uk/cu/, J. Peden, unpublished). GC content was measured in coding and noncoding regions, that is, GC content overall in coding regions, GC content in third codon positions (N3) and GC content in untranslated regions of a gene (5 0 untranslated regions (UTRs), 3 0 UTRs and introns). The various measures of GC content were calculated with DnaSP version 3.53 (Rozas and Rozas, 1999) .
Two stepwise multiple regressions were performed, one for each measure of codon bias. In both regression analyses, the estimated gene expression was defined as dependent variable, and codon bias (Fop and ENC), gene length, GC content overall in coding region and GC content in N3 as independent variables. The significance of the regression models was tested with analysis of variance (ANOVA). Kolmogorov-Smirnov and ShapiroWilks tests on studentized residuals revealed departure from normality, and the dependent variables were therefore ln-transformed. Studentized residuals for the regression analyses were plotted against the various independent variables in order to check for linearity between dependent and independent variables. Observed and predicted values of gene expression for the various genes were plotted for the regression analyses in order to check whether the variance of residuals was constant over the entire range of predicted values. Cook's distances were computed to measure how regression coefficients changed when single genes were eliminated from the analyses. Multicollinearity was investigated with the tolerance statistic, that is, the proportion of variability of a given independent variable not explained by its linear relationships with other independent variables in the model. Student's t-test and Pearson's analyses were performed to further study the associations among the variables.
To test for associations between transcript abundance and substitution rates, putative A. thaliana genes orthologous to the studied P. patens genes were identified through tBlastx searches (Altschul et al, 1990) . Each gene pair was aligned by the Align algorithm (Myers and Miller, 1989) as implemented in the Biology Workbench 3.2 web station (http://workbench.sdsc.edu/) and by visual inspection. Substitution patterns were investigated between aligned sequence pairs. Thus, the number of substitutions per synonymous site (K s ) was estimated for aligned sequence pairs using the K-Estimator ver. 6.0 software (Comeron, 1999 ). Kimura's two-parameter model was used to correct for multiple hits (Kimura, 1980) . In order to investigate whether this sample of P. patens genes represented the whole genome, a similar analysis was conducted on the orthologous A. thaliana genes. Gene expression levels, codon biases and GC content measures were estimated for the homologous A. thaliana genes in a similar way to the P. patens genes (see above), except that Fop was calculated from previously determined optimal codons (Chiapello et al (1998) ; the A. thaliana data set can be accessed at http://www. vaxtbio.uu.se/resfold/stenoien/physcomitrella/). Statistical analysis on the A. thaliana genes was performed similarly to the procedures employed on the P. patens genes.
Statistical analyses were conducted using the SPSS version 11.0.0 software (SPSS Inc., Chicago, USA).
Results
The two codon bias measures Fop and ENC are negatively correlated (À0.213, P ¼ 0.043), since ENC is inversely proportional to the degree of codon bias. The subsets of lowly and highly expressed genes have a significantly different codon usage pattern according to a w 2 test (Po0.0001). The number of EST hits was ln-transformed prior to analyses. For both multiple regression analyses, the studentized residuals were normally distributed according to both Kolmogorov-Smirnov (with Lilliefors' significance correction) and Shapiro-Wilks tests. Studentized residuals for both regression analyses were plotted against the various independent variables in order to check for linearity between dependent and independent variables. The various scatterplots show a random distribution of residuals around 0 on the y-axis, indicating a linear relationship between the various variables (data not shown). Observed and predicted values of transcript abundance for the various genes were plotted for the two regression analyses, and scatterplots indicate constant variance of residuals (data not shown). Both regression models are significant according to an ANOVA test (Po0.001; see Table 1 ). Codon usage bias and GC content overall are significantly associated with the levels of transcript abundance, both when Fop and ENC are employed in the tests (Figure 1 ).
Cook's distances were obtained for both regression analyses. Cook's distance for a gene depends on both the residual and leverage values, that is, how far the values for a case are from the means of all the independent variables. Cook's distances greater than 1 are considered to deserve some scrutiny (Norusis, 2000) . No Cook's distances were found to be larger than 0.06 in the two regression analyses, indicating that no single gene changes the results to any major degree if removed from the analyses. Tolerance levels are high for all significant independent variables (40.5), indicating no multicollinearity in the data sets.
Orthologous A. thaliana sequences alignments were attempted, and 57 alignments were generated. These 57 sequence pairs were subjected to quantification of K s . There were no significant correlations between K s or any measure of codon bias or estimated gene expression for the 57 studied sequence pairs (Figure 2 ).
Most optimal codons in A. thaliana end in G or C (Chiapello et al, 1998; Duret and Mouchiroud, 1999) , and this trend also seems to be present in P. patens. There is a strong positive correlation between GC content in N3 and Fop (Pearson's coefficient 0.541, Po0.001). The same positive correlation is observed between GC content overall and Fop (Pearson's coefficient 0.688, Po0.001, Figure 3 ). Both GC levels in third codon positions and GC levels overall increase with expression levels (Pearson's correlation coefficients 0.46 and 0.41, respectively, Po0.001). There is no significant increase in GC content in untranslated 5 0 -and 3 0 -flanking UTRs or introns with increasing gene expression. Figure 4 shows gene expression plotted against GC contents overall in coding and noncoding regions of the studied genes. There is on average an 8% higher GC content in coding Codon bias Estimated gene expression Figure 1 Codon usage bias in studied P. patens genes, as measured by the Fop, plotted against gene expression as estimated by mRNA transcript abundance (ln-transformed). There is a significant positive association. 
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versus noncoding regions of the studied genes (Po0.001), and this discrepancy is even higher in highly biased genes, because of the positive correlation between GC content in coding regions and codon bias.
There is a negative correlation between gene length and codon bias in the studied genes for ENC (Pearson's correlation 0.251, P ¼ 0.017), but not for Fop. A similar negative correlation between codon bias and gene length has been reported in other multicellular organisms Duret and Mouchiroud, 1999) . A number of hypotheses have been advocated to explain this correlation, but up to now this relationship remains largely unexplained (Akashi, 2001) .
For A. thaliana sequences, multiple regression analyses were performed with transcript abundance as dependent variable, and gene length, codon bias (Fop), GC content overall and GC content in N3 as independent variables. All together 59 homologous A. thaliana genes were employed. After ln transformation, the studentized residuals are normally distributed according to Kolmogorov-Smirnov (with Lilliefors' significance correction) and Shapiro-Wilks tests. The regression model is significant according to an ANOVA test (Po0.001). Codon bias is also significantly positively associated with transcript abundance levels for A. thaliana genes (Po0.001, R 2 ¼ 0.236, standardized beta coefficient 0.486 and t ¼ 4.199). No other variable is significantly associated with estimated transcript abundance in the A. thaliana genes. Duret and Mouchiroud (1999) were the first to use sequence matches to EST libraries in their study of relationships between codon usage and mRNA abundance in A. thaliana, Drosophila melanogaster and Caenorhabditis elegans. As these authors point out, mRNA abundance estimates may be error prone because of biases in the tissues sampled, biases in cloning of mRNAs and the normalization of cDNA libraries prior to sequencing, that is, adjustment toward uniform concentrations of cDNAs from different genes, causing an underestimation of highly expressed genes. Nevertheless, broad-scale positive associations between mRNA abundance and codon bias are in concordance with results from experimental studies (Shields et al, 1988; Stenico et al, 1994; Chiapello et al, 1998; Akashi, 2001) . Moreover, the imprecise estimates of gene expression and underestimation of highly expressed genes yield conservative tests of statistical association. Associations between, for example, codon bias and gene expression may therefore be even stronger than what is estimated in the present study, because at least some P. patens cDNA libraries contained in the NCBI dbEST database are normalized. Another source of bias is that expression measures that require mRNA to be maintained for some time (eg EST and SAGE) are likely prone to a GC bias, since GC-rich sequences tend to decay slower than ATrich ones (Margulies et al, 2001 ). It is difficult to say how serious bias this might represent. It is, in any case, appropriate to do multiple regression analyses in studies based on EST matching in order to separate the effects of the various variables and exclude spurious associations. Low statistical power due to normalization, GC bias or other biases in the cDNA libraries may explain the relatively low R 2 values in the present regression analyses.
Discussion
There is a positive association between gene expression levels, as measured by transcript abundance, and both GC levels overall and codon usage bias in P. patens genes. Codons frequently employed in biased genes mostly encode G or C in N3, possibly indicating correlated effects of GC content and codon bias on transcript abundance. However, the high tolerance levels of the significant variables (40.5) suggest that multicollinearity is not a problem in the regression models, and that GC content and codon bias have separate effects on transcript abundance variability.
The positive association between codon usage bias and transcript abundance may reflect mutational bias, or coadaptation between codon usage and tRNA abundance optimizing the efficiency of protein synthesis. Such selection for translational efficiency has been proposed to explain codon bias in several multicellular eukaryotes (eg Akashi, 1994; Moriyama and Powell, 1997 Estimated gene expression GC contents Figure 4 Scatterplot of GC content in coding regions (black squares) and GC content in introns, 5 0 and 3 0 UTRs (white triangles) of studied P. patens genes plotted against estimated levels of gene expression. Gene expression is estimated as abundance of homologous ESTs to a given gene in public databases, and the scale of the x-axis is logarithmic. The solid trend line is the regression of GC content in coding regions on EST estimates, while the stippled trend line is the regression of GC content in noncoding regions on EST estimates. There is a higher GC content in coding versus noncoding regions of studied genes, and GC content in coding regions increases with gene expression levels.
found that highly expressed chloroplast genes in the liverwort M. polymorpha tended to be biased in codon composition, and selection for codon usage was demonstrated in this species. However, in P. patens the mutational bias hypothesis cannot be totally rejected merely based on a transcript abundance/codon bias correlation. This is because there may be an association between transcript abundance and mutational patterns (Duret and Mouchiroud, 1999) , as seen in, for example, Escherichia coli genes where an overall increase in the frequency of C-to-T mutations has been observed with increasing mRNA transcript levels (Beletskii and Bhagwat, 1996) .
If selection affects synonymous codon usage, then the intensity of selection should be positively correlated with the transcript abundance level. Owing to this stronger purifying selection, lower rates of synonymous substitutions are expected in highly expressed genes compared with weakly expressed genes. It has been shown both in bacteria and Drosophila that synonymous substitution rates are lower in genes with a strong codon usage bias (highly expressed) than in other genes Li, 1987, 1989; Shields et al, 1988; Powell and Moriyama, 1997) . Therefore, one way of testing whether codon usage is selectively constrained in P. patens is to test whether transcript abundance levels are associated with number of substitutions per site at synonymous sites (K s ) between P. patens and some other species. Unfortunately, little sequence data are available from close relatives of P. patens. Nishiyama et al (2003) have found that at least two-thirds of A. thaliana genes may have homologues in P. patens gametophytes, and putative A. thaliana homologues have been identified in the present study. However, a number of these gene pairs have been difficult to align at the nucleotide level because of many substitutions and indels accumulated since the splitting of these two lineages. For 57 more-or-less convincingly aligned gene pairs, estimated K s values do not significantly correlate with measures of codon bias and the trend even seems to be slightly positive (Figure 2 ). This may either indicate that codon bias is not the result of weak selection in P. patens or that the statistical power is too low to detect an association between K s and codon bias measures. The latter explanation cannot be ruled out because of the difficulties in aligning homologous sequence pairs between these distantly related plants.
It is possible that highly expressed genes reside in genomic areas rich in specific residues, as observed in other organisms (eg Francino and Ochman, 1999) . If specific types of mutations occur more often in highly compared to lowly expressed genes, then biased nucleotide composition can result from purely nonadaptive evolutionary forces, possibly explaining the lack of association between codon bias and K s . However, if mutational bias is causing biased GC content at synonymous sites in highly expressed genes, it should affect coding and noncoding sites in a similar way. That is, if highly expressed genes tend to reside in GC-rich genomic regions, then the levels of GC elevation should be the same in exons and noncoding regions (ie introns and 5 0 and 3 0 UTRs). In this study, the GC content clearly increases with levels of transcript abundance in the studied genes, since the optimal codons mostly end in G and C. However, the GC level in noncoding regions is significantly lower than in coding regions. Furthermore, there is no significant increase in GC content in noncoding regions with increased transcript abundance levels ( Figure 4) . If highly expressed genes do not reside in GC-rich genomic regions, then another possible explanation for the observed results is that nucleotide bias is due to a positive correlation between mutation and transcription rates (Beletskii and Bhagwat, 1996) . However, GC levels are also significantly higher in exons compared to introns in the studied P. patens genes (t-test, Po0.001). Furthermore, there is no significant increase in C-to-T mutations with increasing mRNA transcript abundance in the present data set (data not shown) as opposed to observations in, for example, E. coli (Beletskii and Bhagwat, 1996) . Therefore, the correlation between codon bias and transcript abundance in P. patens seems not to be due to any form of mutational bias. One may therefore conclude that there is an adaptive basis for codon usage in a range of different genes in P. patens. Adaptive codon bias also seems present in at least three studies of vascular plants, that is, Z. mays (Fennoy and Bailey-Serres, 1993) , N. tabacum (Morton, 1993) and A. thaliana (Duret and Mouchiroud, 1999) , together with the bryophyte M. polymorpha (Morton, 1993) .
It might be questioned as to how representative a sample of 92 genes are of the complete P. patens genome. Biased sampling of genes may result in observed patterns, which are not necessarily informative on how evolutionary forces act on the genome as a whole. However, two features indicate that the studied genes may be relatively representative. Firstly, measures of Cook's distances do not indicate that outliers are influencing the results to any extent, so that removal of specific genes will not alter the overall results of this analysis. Secondly, 59 homologous A. thaliana genes were identified, and these genes were subjected to the same analyses as the P. patens genes. The result of the multiple regression shows that codon bias is explaining variability levels in transcript abundance for this small set of genes. This confirms the results of genomic surveys of A. thaliana genes by Duret and Mouchiroud (1999) . Thus, given that 59 A. thaliana genes show patterns of variability in concordance with patterns obtained in large-scale studies, then it might be that 92 P. patens genes homologous to these A. thaliana genes are representative of codon usage patterns in large parts of the P. patens genome.
The lack of translational selection in mammals and Drosophila has been explained by low effective population sizes in studied species (Shields et al, 1988; Sharp et al, 1995; Akashi, 1997; Jenkins and Holmes, 2003) . In species containing substantial genetic drift, stochastic allele frequency changes will determine the evolutionary fate of mutations that differ only marginally in fitness. For instance, in a comparison of two Drosophila species, Akashi (1997) found that D. simulans had both larger effective population size and more codon bias in studied genes than the closely related D. melanogaster. On the other hand, in the annual, selfing flowering plant A. thaliana, where drift is highly efficient in shaping genetic structuring (Abbott and Gomes, 1989; Innan et al, 1997; Clauss et al, 2002) , selective constraints on codon usage have been shown to be associated with levels of gene expression (Duret and Mouchiroud, 1999) . P. patens is an annual, haploid opportunist living in open, disturbed habitats (Nyholm, 1956 ). It lacks an efficient spore spreading system (Reski, 1999) , implying low migration capabilities, it is bisexual and self-fertile, and together these life history characteristics may indicate a relatively strong influence of founder events and genetic drift in shaping genetic structure of P. patens populations. Still, weak selection for codon usage seem to operate at the genomic level, implying either that the overall effective population size is larger than expected in this species or that genetic drift do not significantly influence levels of weak molecular selection on codon usage, as it seems to be the case in A. thaliana. If this latter is the case, then this seeming paradox is analogous to the problem of explaining the high within population genetic variability in molecular markers (eg Wyatt et al, 1989; Stenøien and Såstad, 1999; Stenøien and Flatberg, 2000; Wilson and Provan, 2003) , as well as quantitative traits (Stenøien et al, 1997) found in many primitive plants that are expected to experience substantial genetic drift.
